A semi-empirical method has been developed which can predict the characteristics of large-diameter, bored, cast in situ in situ piles in Mercia mudstone, at every stage of loading up to the ultimate state. The analysis is based on mathematical representation of: (a) the mobilization of shaft resistance and end bearing with increasing pile settlement; (b) the variation in load sharing between the pile shaft and base; (c) where present, the additional in¯uence of compressible soil debris on settlement at pile base level; and (d) the eect of nonlinear stress±strain behaviour of concrete on pile compression, hence settlement. The predictive method has been validated against a large database of full-scale pile tests in Mercia mudstone and other cohesive soils. The database comprised test piles with or without instrumentation and having a wide range of diameters and lengths. In every case, the predictive capability is judged to be accurate and satisfactory. The method is also capable of dealing with special circumstances whereby a pile is speci®cally constructed to support load purely in shaft resistance or end bearing. The improved predictive capability of this method, in pile analysis, is expected to result in a more cost-eective construction.
& A semi-empirical method has been developed which can predict the characteristics of large-diameter, bored, cast in situ in situ piles in Mercia mudstone, at every stage of loading up to the ultimate state. The analysis is based on mathematical representation of: (a) the mobilization of shaft resistance and end bearing with increasing pile settlement; (b) the variation in load sharing between the pile shaft and base; (c) where present, the additional in¯uence of compressible soil debris on settlement at pile base level; and (d) the eect of nonlinear stress±strain behaviour of concrete on pile compression, hence settlement. The predictive method has been validated against a large database of full-scale pile tests in Mercia mudstone and other cohesive soils. The database comprised test piles with or without instrumentation and having a wide range of diameters and lengths. In every case, the predictive capability is judged to be accurate and satisfactory. The method is also capable of dealing with special circumstances whereby a pile is speci®cally constructed to support load purely in shaft resistance or end bearing. The improved predictive capability of this method, in pile analysis, is expected to result in a more cost-eective construction. 3 ) is much smaller than the clay mineral content. It must be pointed out that, due to the variable lithology of Mercia mudstone, the weathering schemes are not necessarily of universal application, for example in correlating values of engineering properties to particular degrees of weathering.
Bored pile design and load±settlement prediction in Mercia mudstone
2. The design of bored piles, which is the pile type commonly installed in Mercia mudstones, has been carried out using conventional methods applied to cohesive soils. These include both the total stress (a-method 4 ) and eective stress (b-method 1, 5, 40 ) methods. Preliminary pile settlement prediction may be based on one or more of the following ®ve existing methods, with con®rmation being obtained from full-scale load tests.
3. The main methods of load±settlement analysis for axially loaded piles are (a) the load transfer approach (commonly referred to as the t±z method) proposed by Coyle and Reese 6 (b) the boundary element (or integral equation) method suggested by Poulos and Davis (e) functional representations, for example using two-constant hyperbolic relationships.
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There are also simple empirical relationships for settlement prediction, many of which are derived based on data and patterns learnt from preliminary test piles. Methods (a±d ) have been successfully applied in pile analysis and are capable of taking into account numerous factors that in¯uence pile behaviour. 4. As pointed out by Poulos 13 and Fleming, 12 the disadvantage of methods (a±e) is that the detailed input data required are seldom available from a standard site investigation. For example, method (a) requires extensive in situ data, typically using monotonic and cyclic loading of a site investigation t±z probe 14 to obtain load±transfer curves for each stratum penetrated by the pile. A limitation may also arise due to variations in the state of stress in the soil penetrated by the probe, as compared to the softened and remoulded condition of a bored pile shaft. In method (b), it is dicult to modify the solutions obtained in order to account for the heterogeneity of the soil and, as in method (c), no account is taken of construction eects, which are important aspects for bored piles. Method (d ) remains a resource-intensive and comparatively expensive tool that only a few specialists can use competently. FEM solutions are not available in parametric form and, in general, the choice of suitable constitutive models and/or soil characteristics is open to conjecture. Method (e) has a limitation in that non-peaking transfer functions are used, which may give diculty where residual shear resistance of soil is developed. Therefore it would be helpful to develop an alternative settlement prediction method, utilizing fewer soil parameters which can be correlated with commonly available soil data. The proposed method has some similarities to method (e) regarding functional representation of shaft and base resistance mobilization. However, the suggested functions allow the consideration of peak and residual character of soil shear resistance, particularly at large pile head displacements.
5. The predictive model aims to assist design engineers by providing load±settlement relationships up to and including the maximum load capacity. Parameters such as pile shortening and relative contributions of the pile shaft and pile base to the total load resistance are intended to be available if required. The form of representation allows an engineer to have a physical feel of the mechanisms involved and, where necessary, to customize the model to local soil characteristics.
The predictive model 6 . A fundamental requirement for any load± settlement prediction method is that it must be based on observed physical behaviour of piles in given soil conditions. It is helpful to develop a functional model capable of characterizing the load±settlement relationship by separating shaft and end bearing components of load resistance. For a given pile base movement, the shaft and base resistance variations can be derived in terms of the soil stiness and bearing capacity. The two functions are combined after de®ning a variable parameter to represent the ratio of load sharing between the pile shaft and base. The vertical displacement at any point along the pile shaft is formulated from the afore-mentioned relationships and incorporates (a) the variation of local unit shaft resistance with depth (b) the stress±strain relationship for the composite pile material.
Variation of shaft resistance with pile base movement 7. The variation of shaft resistance with pile base movement can be represented by a function in which the constants are related to measurable soil properties such as stiness and bearing capacity. Two-constant hyperbolic transfer functions have been suggested by Hirayama, 15 Fleming 12 and Carrubba. 16 The limitation of these functions is that they do not peak, yet it is obvious that a ®nite pile displacement is required to mobilize maximum shaft resistance. An appropriate function, which de®nes peak shaft resistance with respect to some reference base movement, can be derived from the following curve ®tting result given by Reese et al., 17 for bored pile tests in clay
where t tz is the local unit shaft resistance at depth z (originally in t/ft 2 ); t t max is the maximum local unit shaft resistance that can occur at any depth (originally in t/ft 2 ); Dz is the pile movement at depth z (originally in inches); s 0 2D s e e, where D s is the diameter of the pile shaft (in inches) and e e is the average strain (in per cent), at failure, in an uncon®ned compression test of soil sampled from near the pile base level.
8. By de®ning new variables and constants in equation (1a), the variation of shaft resistance with pile base movement can be represented by a function which requires only two input parameters (a) the shaft resistance capacity of the pile (b) an empirical factor to represent the¯ex-ibility of the pile±soil system. 
This relationship represents shaft load against base movement variation along the path OX in Fig. 2 . The coecients are evaluated from the following boundary conditions.
(a) The function in equation (2) satis®es the condition that P s 0 when Fig. 2 ) the maximum shaft resistance P us is developed, hence dP s adD b 0). Therefore, equation (2) becomes
14. Most of these factors are dicult to evaluate directly using experimental procedures. Hence, a function for XY can be formulated by curve ®tting of pile test data. Where the soil is known to exhibit residual shear strength characteristics, let the ratio of residual to peak shaft resistance be a constant R s (typically R s = 0´6± 0´9). A trend of variation along XY can be de®ned by a cubic parabola with speci®c boundary conditions, hence
where C 0 ±C 3 are constants; m is the base movement (de®ned as a fraction of the pile base diameter, D b ) necessary to mobilize the ultimate base resistance. Typical values of m are given in Table 1 . The necessary boundary conditions from which the coecients C 0 ±C 3 are derived are Invoking the boundary conditions leads to four simultaneous equations from which C 0 ±C 3 can be found
Base resistance and settlement 16. The settlement of a pile base of width D b due to a contact pressure q b can be estimated through the solution for a rigid punch acting on an elastic half-space, 8 hence
where E b is the Young's modulus of soil beneath the base, n is the Poisson's ratio of soil beneath the base (commonly adopted as 0´3± 
in which G is the gradient of the linear plot of base load against base movement.
Influence of loose soil present beneath a pile base 18. The base resistance against base movement variation for a pile base resting on loose soil is shown in Fig. 3 . This pattern may be represented by a shift S of the origin, from point E to point O. Compression of the loose soil occurs between O and A, where the mobilized base resistance is x times the ultimate base capacity.
19. Examination of pile test data 29 has shown that the shift, S (Fig. 3 ) can be estimated from equation (5) Using these assumptions, S is evaluated as
and the relationship for the trend along OA is expressed as
20. The linear function described by equation (5b) is applicable from point A to point B (Fig. 3) , where the mobilized base resistance is w times the ultimate end bearing capacity. Data from bored pile tests in Mercia mudstone indicate values of x 0Á2 and w 0Á3. 29 For a normal pile base, S is taken as zero and the linear portion is described by equation (5b). For a pile base resting on soil debris, the equation of the linear portion is modi®ed to become
Non-linear variation of base load against base movement 21. The pattern along BC ( Fig. 3 ) has been examined using several functions and it has been established that a hyperbolic cosine variation is the most appropriate. This is expressed in the form
The constants A 0 to A 3 are determined from the following boundary conditions at points B and C (Fig. 3) .
The conditions lead to the following expressions for the constant A 0 ±A 3 . The solution for A 2 is by iteration.
Shaft resistance variation profiles 23. Consider a typical reinforced concrete pile shown in Fig. 4(a) . Two possible pro®les of shaft resistance variation with depth are given in Fig. 4(b) . Both the`convex' (solid curve) and the`concave' (broken curve) trends have been observed in bored cast in situ piles formed in cohesive soils. Examples are (a) convex 30, 31 (b) concave. at a given depth, z, below the bottom of the sleeved portion of the pile, may be expressed as
where a, b and c are constants to be determined from two parameters aecting the shape of the curve. The ®rst parameter L m is the depth of the point of minimum (or maximum) shaft resistance, which is controlled by the imposed boundary conditions. The second parameter is the relationship between the local shaft resistance t t t and t t b at depths z 0 and z L s respectively (Fig. 4(b) ). If it is assumed that t t t at t b is proportional to s s where the factor k is equivalent to the ratio K 0t aK 0b (earth pressure coecient at depth z 0 divided by that at z L s ). Leach et al. 36 reported that the in situ coecient of earth pressure in Mercia mudstone varies with depth from approximately 3 near the surface, to less than unity at great depth. Since K 0t K 0b for short piles and K 0t 3K 0b for long piles, it may be expected that k 1 for short piles and 1`k`3 for long piles (typically 60 m). 25. In Fig. 4(c) , the relationship between Pz and t tz can be expressed as dPz dz ÀpD s t tz 10
26. Integrating equation (10) with respect to z gives (9), assuming a constant unit weight of soil, the following relationship is obtained c aL 2 s bL s c kL 0 L 13 27. Equations (12) and (13) are then solved simultaneously for a and c. For convenience, let o L m aL s . A range of values of o has been de®ned to represent a given shaft resistance distribution pro®le. For o`0Á5 the shaft resistance variation is indicated by the broken curve in Fig. 4(b) . Where o b 0Á5, the pro®le is shown by the continuous curve in Fig. 4(b) . For bored piles in Mercia mudstone, o has been determined to be in the range À0Á1`o`0Á3. Fig. 5 shows the predicted variation of pile shortening plotted against applied load and of axial force plotted against depth for À0Á15`o`0Á05. It can be seen that o in¯uences the axial force distribution and pile shortening considerably. The load±settlement plot is not shown since the impact of o on settlement was found to be negligible.
Variation in load sharing between pile shaft and base 28. The proportion of the load resisted by the shaft P s , is considered to be related to the applied pile head load, P h , by a factor c, so that
It will be demonstrated that c actually varies with P h and hence it is necessary to develop a numerical mechanism for calculating c at every loading stage. The variations of t tz and Pz are now fully de®ned as follows
where
Axial force variation and pile shortening 29. Typical plots of tangential modulus of concrete E c against strain e e back-analysed from four instrumented piles 29 are illustrated in Fig.  6(a) and (b) . It is reasonable to represent the variation of E c with e e by a non-linear function of the form
where U 0 , a 0 and a 1 are numerical constants. The stress±strain relationship for the pile concrete is obtained by integrating Equation (17) 
30. Taking into account the composite properties of the pile cross-section, the relationship between the axial force (this equals the applied pile head load P h ) against strain e e within the sleeved part of the pile is represented by the following transcendental function. For a given value of P h , the solution for e e is carried out by iteration. Convergence is achieved when the absolute value of the dierence between the left-and right-hand sides of the expression is less than, say, 1 6 10 76 .
where A s0 , A c and E s are the cross-sectional area of steel in the sleeved segment of the pile, cross-sectional area of concrete and Young's modulus of steel respectively. Hence, for a given pile head load, the shortening e e 0 of
See equation (5) Path EABC: Clean pile base Path OABC: Pile base resting on loose soil OE = imaginary shift of origin to the left due to high compressibility of loose soil 31. The axial force in the embedded part varies with depth z (z is measured from the bottom of the casing) being determined by the load transfer characteristics at various levels along the shaft. The strain variation in the embedded part is formulated in a manner similar to equation (19a) and P h is replaced by P(z), which is available from equation (16) . Hence
where A ss is the cross-sectional area of steel from limits z 0 to z L s . Equation (20a) is correct but requires numerical and iterative solution to determine the strain at a given location along the embedded segment, for a given pile head load. Once the strain variation has been calculated, the ®rst integral with respect to depth z will provide the compression e s , hence 
34. Depending on the loading regime, the solutions for D h are obtained by substituting P b 1 À cP h into equations (6a), (6b) or (7) and making D b the argument. For a given range of values of D b , the load±settlement relationship is one of the following.
(a) If the pile base is not speci®cally cleaned, then in the interval OA (Fig. 3) , the pile head settlement is given by
23 whereas in the interval AB, the pile head settlement is given by
24
(b) For a clean pile base, in the interval EB
(c) In the interval BC, there is no eect of cleanliness at the pile toe, hence the pile head settlement is given by Since the parameter c varies with applied loading P h , the pile head settlement at a given load can only be determined numerically. A FORTRAN computer program has been developed for pile analysis using the method described, although the calculations may be implemented easily in a normal spreadsheet. Shaft flexibility factor r 37. The parameter r has been identi®ed to be the salient parameter controlling the load± settlement variation, particularly at the early loading stages. A range of theoretical curves of normalized shaft resistance against base movement, for a variety of soils from soft (r = 0´05) to sti (r = 0´01) is shown in Fig. 7 . For identical soil conditions, a voided toe pile is expected to have a larger value of r than a normally constructed pile since r is determined by the¯exibility of the entire pile±soil system. Back-analysis of pile test data using the numerical model and ground investigation data was carried out to help correlate r with the average standard penetration test (SPT) blow count " N , along a pile shaft. This is calculated as
Determination of input parameters
where N i and Dl i are the SPT blow count and thickness respectively of the ith layer. By logarithmic regression analysis of the data, an empirical relationship r exp À0Á719 ln " N À 0Á0605 has been established, with a satisfactory absolute value of correlation coecient of 0´9987. Using this relationship, typical values of r corresponding to various weathering grades with known " N values are given in Table 2 .
Deformation modulus of soil beneath pile base E b 38. Figure 8 shows plots of base load against base movement, normalized by dividing by ultimate base load and base diameter respectively, for values of E b aq ub lying in the interval 10±100. This represents the range of curves that would be expected for soils varying from soft to very sti. Owing to sample disturbance, laboratory values of E b are expensive to obtain and are generally not representative of the natural soil conditions. It is common practice to correlate E b from in situ test results where one of the most widely used procedures is the SPT method. For cohesive soils, empirical formulae such as those given by Menzies and Simons, 37 Meigh 38 and Stroud 39 could be used to assess E b based on other soil properties. However, it seems more appropriate to establish the empirical relationships for the local area. Back-analysed relationships between E b and SPT " N values for bored piles in Mercia mudstone 29 are given in Table 2 .
Maximum shaft resistance P us 39. The maximum shaft resistance for a given pile may be obtained using conventional means such as:
(a) the a-method proposed by Skempton Table 2 may be adopted. Alternatively, q ub may be estimated from the formula q ub c u N c , taking N c 9.
Summary of the analysis procedure 42 . The following are the steps to be carried out when using the proposed model to analyse a given pile.
(a) Determine the input parameters as described in paragraphs 36±38. (b) Estimate P us and P ub through q us and q ub respectively, as described in paragraphs 38±41, using the appropriate areas of the pile shaft and base. (m) The shaft load, base load, pile compression, pro®les of axial force and shaft resistance corresponding to a given applied load may be calculated using the relevant equations once P h is known from step (l ).
Application of the numerical model to predict pile behaviour 43 . In order to demonstrate its capability and accuracy, the proposed method has been validated using data from full-scale test piles installed in Mercia mudstone. All input data have been obtained from the load test results and the ground investigation records. Where the ultimate pile load capacities were not mobilized, extrapolation has been carried out using Chin's method, 43 applying a reduction factor of approximately 0´9 to the asymptotic load. This gave consistent predictions when compared with load test results and extrapolations based on alternative methods such as Mazurkiewicz's 44 and Brinch Hansen's. 45 The database, which presently comprises 50 case histories of bored piles formed in weathered Mercia mudstone and clays, is constantly being extended, as more information becomes available. This paper presents twelve of these case histories, some of which include instrumented pile tests, in order to illustrate the applicability of the numerical model.
Test piles in Mercia mudstone for the Taff viaduct, Cardiff (South Wales)
44. The following data from the present authors is based on six full-scale instrumented, bored cast in situ piles (TP1±TP6), each 900 mm in diameter, which were load tested as part of the design of the foundations of the Ta viaduct in Cardi, South Wales. The test piles were encased through the super®cial deposits with a 10 mm thick steel cylinder, which was in turn sleeved to eliminate shaft resistance along this zone. Three vibrating wire strain gauges, spaced out at 1208 at the cross-section, were embedded in the proximity of the reinforcement cage. Each strain gauge had a gauge length of 150 mm and could measure strains up to +1500 microstrain with a sensitivity of 1 6 10 ±6 . The strain gauges were attached either directly to the main reinforcement or to separate steel bars that were protected by cement mortar.
45. The extensometers comprised a linear variable displacement transducer, accurate to 0´001 mm, which formed the movement-sensing unit, and were installed to measure the compression of the pile between the pile head level and selected levels along the shaft. A typical base load cell comprised six vibrating wiresensing units encased in a cylindrical concrete block. Maintained load tests were carried out using a 2000 t test rig developed by the main piling contractor for the Ta viaduct and readings on the instruments were automatically logged and stored by computer. The in situ stiness of a typical pile was calibrated based on the observed load±strain relationship within the sleeved part of the pile. The vibrating wire gauges were found to be very reliable. The calculated axial forces were compared with the load cell reading in order to check the equilibrium of each pile. Taking into account the load losses along the lined part of the pile, the maximum out-of-balance force was only 5% of the pile head. Figs 9±14 present a comparison between the predicted and measured variations of (a) load±settlement at pile head (b) shaft resistance plotted against base movement (c) base resistance plotted against base movement (d ) pile shortening plotted against applied load.
In every case, there is a very good agreement between the measured and predicted pile behaviour. The load±settlement predictions are accurate not only for normally constructed piles (TP2±TP6) but also for the voided toe pile (TP1). These results demonstrate the validity of the analytical model.
Test piles in Mercia mudstone at Eastmoors
Link Road (peripheral distributor road, Cardiff) 46. Three test piles, each 1´05 m in diameter, bored, cast in situ piles were test loaded at Eastmoors Link Road in Cardi. The numerical model has been used to analyse one of the piles (pile 4), where the ultimate load capacity projected by Kilbourn et al. 28 has been adopted. The total pile length is 21´0 m with a permanent casing to 9´6 m depth. As shown in Fig. 15 , the predicted load±settlement response supports the reliability of the proposed method. 46 have reported a case study where a bored pile tapering from 900 mm at pile head level to 750 mm diameter at the base level was load tested in Mercia mudstone. The ultimate capacity of the pile was not achieved and the method of Mazurkiewicz 44 was used to extrapolate the maximum loads. The numerical model has been used in predicting the behaviour of the test pile, utilizing the information given by Dauncey and Woodland. 46 Fig . 18 illustrates the plot of predicted and measured load±settlement variation and clearly demonstrates the validity of the analytical method.
Rock-socket pile in Mercia mudstone at Coventry 49. The load testing of a 1´06 m diameter pile with a socket length of 3´75 m into mudstone and siltstone has been presented by Cole and Stroud. 47 The modulus of elasticity of the sandstone beneath the base was back-computed to be 0´15 kN/mm 2 . This value has been utilized in the numerical model to predict the performance of the pile and the results are plotted in Fig. 19 . It appears that the proposed method is also valid for rock-socket piles.
Piles resisting load in end bearing only 50. Jorden and Dobie 48 reported load tests on a 500 mm diameter end-bearing-only pile Although the numerical model has so far been applied to straight-shafted bored piles, a limited number of driven piles and underreamed, bored piles analysed, still support the validity of the method.
52. The proposed numerical model can be readily adopted not only for the analysis/design of single piles, based on known soil properties, but also for back-analysis of test pile data to evaluate pile design parameters. The following are the salient points regarding the capability of the method. 
